Abstract: Expression profiling of single cells can yield insights into cell specification, cellular differentiation processes, and cell type-specific responses to environmental stimuli. Recent work has established excellent tools to perform genome-wide expression studies of individual cell types, even if the cells of interest occur at low frequency within an organ. We review the advances and impact of gene expression studies of rare cell types, as exemplified by recently gained insights into the development and function of the angiosperm female gametophyte. The detailed transcriptional characterization of different stages during female gametophyte development has significantly helped to improve our understanding of cellular specification or cell-cell communication processes. Next-generation sequencing approaches-used increasingly for expression profiling-will now allow for comparative approaches that focus on agriculturally, ecologically or evolutionarily relevant aspects of plant reproduction.
Introduction
Cell specification, cellular differentiation, and specific cellular responses to environmental stimuli involve changes in gene expression. Therefore, a view of the transcriptome of a cell provides a snapshot of the cellular instruction machinery that strongly depends on developmental stage and environmental inputs. Recent technological developments have enabled genome-wide expression experiments at reasonable costs [1] . In addition, cell type-specific transcriptional profiling has dramatically improved our understanding of biological processes [e.g. reviewed in 2]. Two major lessons have been learned from the analysis of genome-wide expression data in individual cell type or specific tissues in plants:
First, the cellular context is important when studying developmental processes, because cell-specific gene expression is generally masked when performing studies at the organ level (reviewed in [3] ).
Ground-breaking novel insights into the development of plants have been made by profiling essentially all cell types that occur in the Arabidopsis root [4] [5] [6] [7] , through studying male gametophyte development (pollen) [8] , or by expression profiling of Arabidopsis female gametophyte (embryo sac) development [9, 10*, 11**, 12**] (see also below).
Second, multiple lines of evidence suggest that not only cellular differentiation processes are best understood at the single-cell level, but also responses of an organism to environmental stimuli: in genome-wide expression studies strong interactions between cellular identity and environmental variation have been observed, for example when examining the effects of stress or nutrient treatments on different cell types in the root [13] [14] [15] .
Here, we summarize the tools that are available to isolate specific cell types from heterogeneous tissues as well as advances in transcriptional profiling methods. Additional reviews on related topics have been published recently [2, 3, 16, 17] , but here we briefly summarize and compare the tools with a focus on their suitability for cells that occur at low frequencies within a tissue. We also discuss what insights have been gained through cell-specific gene expression profiling of rare cell types in plants, as exemplified by studies on female reproductive processes.
Techniques used for the isolation of individual cell types
Initial approaches for genome-wide expression profiling largely focused on the profiling technologies themselves, meaning that experiments were often performed at the whole-plant, organ, or tissue level [18] . Only for certain cell types, such as those of the male gametophyte, could specific stages be collected and profiled relatively easily [8] . In recent years however, the scientific community has been creative in generating a variety of methods to isolate or profile distinct cell types at specific developmental stages. Here, we summarize recently applied approaches -and identify limits, strengths and weaknesses of these -with a special focus on their application to the collection of rare cell types (Table 1) . For the use of methods in applications using frequent cell types, we refer to previous recent reviews [2, 3, 19] . a) Biochemical purification of selected cell types. It is possible to isolate certain cell types using mechanical and/or biochemical enrichment procedures. This approach is only applicable to selected cell types, e.g. guard cells, trichomes and sperm cells, with specifically designed methods for each [20] [21] [22] . Since it is possible to isolate relatively large numbers of cells using such procedures, they are not only suitable for transcriptomics [21, 22] , but also for proteomics [20, [23] [24] [25] metabolomics [26] , analyses of DNA methylation [20, 27] , or the determination of cell wall composition [22] . b) Genetic subtraction methods. Hereby, a genetic background that alters developmental processes or cell type abundance in a tissue is employed, for instance mutants with an increased number of stomata [28] , mutants with altered floral organ [29] , floral mutants in combination with inducible transgenic constructs [30, 31] , or mutants missing the female gametophyte [32] [33] [34] [35] . These tools are fairly limited to the biological system under study and often rely on specific mutants and/or transgenic backgrounds that may be difficult and time-consuming to establish. Furthermore, the approach is subtractive and, by definition, genes that are expressed both in the surrounding tissue and the target cells cannot be detected.
c) Fluorescence-activated sorting of cells or nuclei. The approach relies on automatically sorting cells [4, 7, 36] or nuclei [37] that are tagged with a fluorescent marker (such as the Green Fluorescent Protein) using a flow cytometry system. The method results in high yields and good enrichments, and is suitable for transcriptomics [4, 7, 36, 38] , proteomics [39] , and metabolomics [3] . However, the method is usually limited to cells that have a relative occurrence of more than 0.5% (0.1% under highly optimized conditions) within the harvested tissue (Kenneth Birnbaum, personal communication [41] [42] [43] [44] has yielded insights into cell-specific processes. For example, in a study of cell-specific responses to environmental variation, it was shown how hypoxic stress affects the translatome (i.e. the mRNA population associated with the ribosome in the process of translation) [44] . However, these methods have so far been used for more frequently occurring cell types only, and their use for rare cell types may not feasible [40] . . The method relies on affinity purification of nuclei that carry a biotinylated fusion protein in their nuclear envelopes. Thus, it supersedes the need to isolate whole cells, and offers a cheap and simple alternative to performing expression profiling on specific cell types. It has been used in model organisms such as Arabidopsis or C. elegans [47] . A further development of the method yielded excellent results for isolating subpopulations of Drosophila brain cells [48**] . In the latter work, enrichments of around 95% were achieved from tagged nuclei in neuronal cells that only make up around 0.14% of the Drosophila brain. Such a technique would make it possible to work with even some of the rarest cell types in Arabidopsis, and also allow the study of chromatin features in these cells. The technology is still being optimized and future work will reveal it is useful for the study of megagametogenesis. Like fluorescence activated cell sorting the INTACT system relies on genetic transformation and the use of suitable promoters that are active only in certain cell-types. f) Microsurgical manipulation. This method relies on the use of micropipettes to isolate single cells dissociated from heterogeneous tissues. It has been applied to the isolation of various rare cell types, such as female gametophytic cells from diverse plant species (see also below) [49] [50] [51] . The method has a relatively low yield but can be used to isolate rare cell types as long as they can be distinguished from the surrounding cells. Although it is easier to recognize the cells as they are marked, this method does not absolutely require the use of transgenic lines and is therefore applicable to cell types for which no specific promoters are available, as well as to non-model organisms that cannot be easily transformed.
g) Laser-assisted microdissection (LAM).
This approach involves the isolation and extraction of specific tissue compartments [52] [53] [54] [55] [56] [57] [58] [59] , or even individual cell types [9, 10*, 11**], with the use of a laser. Hereby, a tissue containing the cells of interest is chemically fixed, embedded in resin, and sectioned on a microtome. Cells are then isolated based on morphology and cytology. This allows the isolation of rare cell types within complex tissues and even the isolation of subcellular domains, e.g. specific regions within syncytial structures such as the endosperm [56] or embryo sac (Schmid and Grossniklaus, unpublished). However, yields are often limited and the use of LAM is usually restricted to transcriptomics, although it has also been used for the analyses of cell type-specific DNA methylation patterns [27, 60] . This method does not require the generation of transgenic lines but the cells to be isolated have to be distinguishable in a section.
Cell-specific expression profiling -insights into female gametophyte development
The gametophytic generation in higher plants is of great agricultural importance. For instance, malesterile plant lines can be generated for use in hybrid seed production through genetic or transgenic manipulations [61] or, in the future, apomictic crop species could be developed that would revolutionize breeding efforts [62, 63] . However, a better understanding of the molecular basis of gametophyte development, which would open avenues for its manipulation for uses in crop breeding, has been hampered by its small size and, in particular for the female gametophyte, its inaccessibility. In the course of evolution, the gametophytic generation has become more and more restricted, such that in angiosperms it is represented as highly reduced organism, consisting of a few cells only, which is dependent on the sporophyte. Typically, male and female angiosperm gametophytes consist of only three and seven cells at maturity, respectively (Figure 1) [64] .
Due to its simple organization and polar structure, the female gametophyte is considered an excellent system to study fundamental developmental processes, such as pattern formation, cell specification, and cell-cell communication [65] [66] [67] . However, the embryo sac of angiosperms is a very small structure, deeply embedded in sporophytic tissues, making it inaccessible for expression profiling studies. Classical genetic approaches have advanced our view of the molecular bases of developmental processes during gametogenesis [66, 68] . Despite its success, the genetic approach has its shortcomings and only a few of the identified genes have been characterized in detail. To get a comprehensive overview over the genes involved in female gametophyte development it is thus desirable to use the advantages of current gene expression profiling tools to study embryo sac development.
The earliest gene expression studies used female gametophytic cells obtained by micromanipulation and subsequent EST-sequencing, first in maize [49] and later also in tobacco [69] , wheat [70] , and Torrenia fournieri [51] . Important insights into the communication between male and female gametophytes [50, 51] and cellular specification [71] were only made possible through these EST- Extensions to these EST-sequencing projects include recent efforts that use a combination of single-cell isolation and microarray profiling [9, 11**, 12**, 74*] or the sequencing of RNA based on next generation sequencing-based methods (RNA-Seq -see also next paragraph) [10] . These approaches have provided a more comprehensive view of the transcriptome and its dynamics during megagametogenesis. For example, profiles of an extensive selection of reproductive cell types in Arabidopsis as measured by the Affymetrix ATH1 GeneCHIP are available (Figure 2a) . These data are an important resource to the research community, for example for reverse genetics [11**, 12**] or to support the map-based cloning of mutant loci [75, 76] . These studies also revealed that the transcriptomes of gametophytic cells contain a lot of uncharacterized genes and gene families (Figure   2b ), some of which have most likely been missed during the development of the most popular microarray platforms [10*] (see also below). Thus, gametophytic cells express a large fraction of genes for which no function is known and their genetic characterization will reveal their roles during gametogenesis. Of course, such a study can be hampered by genetic redundancy, as was recently revealed for an egg cell-specific family of secreted peptides. Only the mutation or down-regulation of all five copies of this gene family revealed the specific function of these peptides in the fertilization process [77] .
Such microgenomics approaches can be tied in with a functional framework on the mechanisms underlying development. A nice example of how transcriptional profiling can enhance our understanding of these -and resolve apparent discrepancies between different experimental observations -was recently published [12**]: it had been suggested that small RNA pathways are important for female gametophyte development and germline specification. The female germline is initiated with the determination of the MMC and terminates with the differentiation of the egg in the mature embryo sac [78] . In the first LAM-based gene expression map of the mature female gametophyte in Arabidopsis [9] , it was found that genes of the ARGONAUTE (AGO) family, associated with small RNA pathways, are strongly expressed in the egg cell, suggesting an important role in the female gametophyte. On the other hand, mutations in the AGO9 gene had been reported to result in in ectopic formation of megaspore mother cells (MMCs) [79**] , suggesting that small RNA pathways are important in opposing female germline specification in somatic tissues. Thus, it was unclear whether small RNA pathways were involved in promoting or opposing megagametophyte development.
Applying LAM to identify genes expressed in the nucellar region of the ovule that contains developing megaspores, AGO5 was found to show elevated expression [12**] . Indeed, a semidominant mutant allele of AGO5 -which is an effector of small RNA pathways -results in a failure to initiate megagametogenesis. Similar defects were observed by expressing inhibitors of small RNA pathways in the nucellar region of the ovule. Therefore, there are apparently two opposing small RNA pathways that restrict MMC specification to a single cell in the ovule and promote the development of the female gametophyte, respectively [12**, 79**].
Next generation sequencing technologies -an unbiased and flexible toolkit to allow comparative studies in non-model organisms
In the past ten years, microarrays have proven indispensable tool for transcriptional profiling of rare cell types. The growing collection of publicly available data (e.g. based on the Affymetrix Arabidopsis ATH1 GeneCHIP), offers the opportunity to not only describe a newly obtained transcriptome, but also identify cell type-specific expression patterns -the essence of cell differentiation [80] . Nonetheless, microarrays are constrained by the underlying technology and their design: (i) hybridization-based measurements can exhibit high background levels due to cross-hybridization, and generally lack sensitivity at low and high expression levels; and (ii) the design relies upon existing knowledge of the genome sequence [1] . The latter is of particular importance for transcriptome arrays, which can become outdated regarding transcriptome coverage. For example, the ATH1 array lacks probes for ~36% of all genes, pseudo-genes, and transposable element genes annotated in TAIR10 [10*]. Intriguingly, a considerable fraction of these is likely to be important for reproductive development [10*, 32, 35 ].
An alternative that overcomes these limitations is RNA-Seq [1] , which has been shown to be sensitive in detecting transcripts in rare cell types [10*, 81, 82] . In contrast to most microarray platforms, it also allows for a less biased analysis of the transcriptome and enables the identification of previously unannotated loci or transcript variants [83] . For example, a 2-3 times higher fraction of reads aligning uniquely to introns, regions flanking annotated loci, and isolated intergenic regions was observed in the central cell of Arabidopsis as compared to other RNA-Seq transcriptomes (16%, 7%, 7%, and 3.5% in central cells [10*] , male meiocytes [82] , pool of organs and seedlings [84] , and unopened flower buds RNA-Seq also offers the opportunity to study organisms that lack reference sequences. It may therefore promote the use of non-model species to study diverse ecologically, evolutionarily, and agriculturally relevant plant traits (reviewed in [86] ). Depending on the organism and the availability of sequence information from closely related species, the analysis strategy may either be to (i) align the reads to the reference sequences of a related species and use the annotation directly [87] ; (ii) use those alignments for a reference-guided assembly [83] ; or (iii) perform a de novo assembly [88] . In many cases single cell specificity in non-model organisms may only be achieved with isolation methods that do not rely on the generation of transgenic plants, for example with microdissection or LAM (see example in [89] ).
For our understanding of the gametophytic generation in higher plants, and extension of expression profiling methods to non-model organisms bears great promises for breakthroughs. For instance, recent efforts of characterizing the molecular bases of apomixis, the asexual reproduction through seeds, are increasingly focused on expression studies for a comparison of asexual with sexual reproduction [62] .
Another example is the comparative approach taken to reveal the transcriptomes of the gametophytic and sporophytic generations in the water moss Funaria hygrometrica. This comparison revealed a weaker differentiation in gene expression between the two generations compared to in Arabidopsis, which was attributed to the fact that both generations of F. hygrometrica are well developed and consist of a large number of cells, whereas Arabidopsis has dramatically reduced gametophytes [87] .
Expression studies in individual cell types and under selected conditions have already revealed exciting insights into plant development and cell type-specific responses to environmental stimuli. A cell typeresolved view of gene expression in several plant species is now in reach, and will allow for comparative studies that will shed new light onto the evolution of developmental processes, including that of sexual and asexual reproduction. 
